BACKGROUND: Galactosemia has not been recognized as a cause of extreme neonatal hyperbilirubinemia, although growing evidence supports this association. METHODS: In a retrospective cohort study, we identified children with galactosemia due to GALT deficiency using the Danish Metabolic Laboratory Database. Among these, we identified children with extreme neonatal hyperbilirubinemia or symptoms of ABE. Extreme neonatal hyperbilirubinemia was defined as maximum total serum bilirubin (TSB max) ) level ≥450 µmol/L and a ratio of conjugated serum bilirubin/TSB <0.30. RESULTS: We identified 21 children with galactosemia (incidence:1:48,000 CONCLUSIONS: Galactosemia is a potential cause of extreme neonatal hyperbilirubinemia, ABE, and KSD. It is crucial that putative galactosemic children are treated aggressively with phototherapy to prevent ABE and KSD. Thus it is important that galactosemia is part of the work up for unconjugated hyperbilirubinemia.
INTRODUCTION
Hyperbilirubinemia is the most prevalent complication during the neonatal period. 1 Usually, the unconjugated serum bilirubin level increases during the first days of life and declines toward the end of the first week. Occasionally, extreme neonatal hyperbilirubinemia develops. The native bilirubin is toxic and is capable of passing the blood-brain barrier due to its lipophilicity. If the level exceeds the neuroprotective defense mechanism, it can result in acute bilirubin encephalopathy (ABE) mainly caused by neuronal damage in the basal ganglia and in various brainstem nuclei.
1, 2 ABE consists of three phases. During the early phase, the child is jaundiced, sucks poorly, lethargic, and hypotonic. The intermediate phase is characterized by weak Moro reflex, moderate stupor, fever, high-pitched cry, irritability, alternating hypotonia-hypertonia, retrocollis, and opisthotonus. The advanced phase is characterized by the absence of Moro reflex, coma, hypertonia, pronounced retrocollis and opisthotonus, high-pitched cry, apnea, no feeding, seizures, and occasionally subsequent death. 3 The early phase is reversible, whereas children are at severe risk of developing chronic bilirubin encephalopathy (kernicterus spectrum disorder (KSD)) after having intermediate or advanced phases of ABE. 1, 3 KSD is characterized by choreoathetotic/dystonic cerebral palsy, auditory dysfunction, mental retardation, paralysis of upward gaze, and enamel dysplasia. 3 A distinct pattern on magnetic resonance imaging (MRI) scans and sensorineural hearing loss can be used to confirm the presence of KSD. 2 Recent evidence suggests that galactosemia due to galactose-1-phosphate uridyltransferase (GALT) deficiency can cause extreme neonatal hyperbilirubinemia. 4, 5 Galactosemia is an inherited, autosomal-recessive inborn error of galactose metabolism. 6 It has an acute onset, often during the first week of life, the initial symptoms being poor feeding, vomiting, jaundice, lethargy, and hypotonia. Further, most children develop life-threatening complications, including hepatic failure, coagulopathy, and sepsis. Without rapid initiation of a galactose-free diet, galactosemia will run a fatal course in most children. However, despite galactose-free diet, long-term sequelae, including speech problems like verbal dyspraxia, psychomotor retardation, ataxia, tremor, and ovarian failure, develops. 6 The aim of the study was to assess the incidence of children with galactosemia due to GALT deficiency in Denmark during a 16-year period (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) and to assess the frequency of extreme neonatal hyperbilirubinemia, ABE, and KSD in these children with galactosemia. Further, we investigated the incidence of extreme neonatal hyperbilirubinemia caused by galactosemia.
METHODS

Study design
This is a nationwide retrospective descriptive cohort study in Denmark, covering a 16-year period from January 1, 2000 to December 31, 2015 . The data were retrieved from both the Danish Metabolic Laboratory Database and the Danish Database of Extreme Neonatal Hyperbilirubinemia. The former database contains the personal identification numbers of all patients suffering from metabolic diseases, while the latter contains personal identification numbers of all children with extreme neonatal hyperbilirubinemia. The Danish Health Authority (3-3013-1624/1/) and the Danish Data Protection Agency (2008-58-0028,2016-67) approved the study.
Data retrieval
We identified all children diagnosed with galactosemia due to GALT deficiency using the Danish Metabolic Laboratory Database. We only included children with symptoms leading to a galactosemia diagnosis or children diagnosed prenatally due to older siblings having galactosemia. Further, we identified whether children had concomitantly extreme neonatal hyperbilirubinemia or ABE symptoms. These children were the main focus of our study.
Data were extracted by reviewing medical and laboratory records retrieved from pediatric departments throughout Denmark. We assessed the clinical course of the children to identify intermediate/advanced ABE or KSD. Intermediate/advanced ABE was defined as: high-pitched cry, opisthotonus, retrocollis, alternating hypertonia and hypotonia, hypertonia, lack of Moro reflex, or fever. KSD was defined as: choreoathetotic/dystonic cerebral palsy, auditory dysfunction, paralysis of upward gaze, or enamel dysplasia.
We defined extreme neonatal hyperbilirubinemia as a maximum total serum bilirubin (TSB max ) level ≥ 450 µmol/L combined with a conjugated serum bilirubin (CSB)/TSB ratio <0.30.
7 Both levels were determined at the time of TSB max or at the first fractionated blood sample afterwards.
During the study period, galactosemia was not included in the Danish nationwide neonatal screening program, thus suspicion of galactosemia is obtained by symptoms and laboratory test results. Presenting symptoms were defined as symptoms reported by the parents to the admitting physician, whereas symptoms at admission and symptoms developed during admission were defined as symptoms observed by health-care providers. Age at the start of galactose-free diet was defined as the age of the child at the day of galactose-free diet initiation, thus not necessarily the same day as breast milk or formula was discontinued.
Statistical analysis Categorical variables were reported as counts with percentages; continuous variables as medians with ranges.
The incidence of galactosemia in Denmark was calculated from the total number of children diagnosed with galactosemia and the total number of live births. In addition, the frequency of all cases of extreme neonatal hyperbilirubinemia caused by galactosemia in relation to all cases of extreme neonatal hyperbilirubinemia was calculated using data from the Danish National Database of Extreme Neonatal Hyperbilirubinemia.
RESULTS
Incidence of galactosemia and child characteristics
Of the 998,251 live-born children during the study period, 21 children were diagnosed with galactosemia in Denmark (incidence: 1:48,000).
Among the 21 children, the distribution of sex was equal (Table 1 ). All were full term, with a normal birth weight and prenatal period. The majority of the children were Northern European. Three children, diagnosed prenatally, received a galactose-free diet from birth, and had a normal neonatal period. Overall, p.Gln188Arg was the most frequent GALT gene mutation, and we found no correlation between genotype and extreme neonatal hyperbilirubinemia.
Extreme neonatal hyperbilirubinemia and ABE Of the 18 children not diagnosed prenatally, 7 (39%) developed extreme neonatal hyperbilirubinemia. The frequency of extreme neonatal hyperbilirubinemia associated with galactosemia was 1.7%, as a total of 408 children developed extreme neonatal hyperbilirubinemia in Denmark during the study period. Among the 7 children with extreme neonatal hyperbilirubinemia, median [range] TSB max level was 508 [456-756] µmol/L, and the children had a median [range] age of 6 [5] [6] [7] [8] [9] days at TSB max level. Four of the seven children with extreme neonatal hyperbilirubinemia had weight loss ≥10%.
Of the seven children with galactosemia and extreme neonatal hyperbilirubinemia, four had symptoms compatible with intermediate/advanced ABE, with TSB max levels between 456 and 756 µmol/L. Further, one additional child had symptoms compatible with intermediate/advanced ABE despite a TSB max level of 374 µmol/L and a CSB/TSB ratio of 0.36, which, however, was measured 2 days after TSB max . We found no competing conditions possibly leading to increased bilirubin toxicity or blood-brain barrier permeability in this child.
Among the above 8 children, median [range] age at symptom presentation was 4 [3] [4] [5] [6] days. Often children were jaundiced and lethargic at admission, and during admission, they often developed vomiting and hepatomegaly. Symptoms of intermediate/ advanced ABE, such as high-pitched cry, opisthotonus, retrocollis, hypertonia, lack of Moro reflex, and fever, were observed in the above-mentioned five children. No other reasons for these symptoms could be identified.
Regarding management of galactosemia, the 8 children had a median [range] age of 14 days at the start of the galactosefree diet. Immediately following admission, all 8 children received intensive phototherapy for hyperbilirubinemia with either double phototherapy (n = 5) or triple phototherapy (n = 3), 1 was treated with albumin infusion, and none received exchange transfusion. Further, all children had normal hemoglobin levels on the day of admission (Table 1 ). Figure 1 shows that, during the first 10 days of life, hyperbilirubinemia was predominantly due to unconjugated bilirubin. Conversely, after day 15 of life, bilirubin was predominantly conjugated.
Long-term follow-up
Of the five children with intermediate/advanced ABE, one had symptoms, including choreoathetotic/dystonic cerebral palsy, psychomotor retardation, speech retardation, fine tremor, and cataract, compatible with both KSD and long-term sequelae of galactosemia (Table 1 ). An MRI scan revealed no abnormalities at age 4 years. Owing to the mental retardation and cerebral palsy, the child could not cooperate with an auditory examination at age 8 years. Of the remaining four children with symptoms compatible with intermediate/advanced ABE, one had speech problems, which is consistent with long-term sequelae of galactosemia and three had normal development. These children did not have MRI scans done. Auditory examination was normal in two, not performed in one, and not feasible to do in the latter child because of persistent middle ear infections; however, the clinical impression was that hearing was normal. Finally, of the three children with no symptoms of ABE during the neonatal period, all had long-term sequelae of galactosemia. No enamel dysplasia was observed in any of the children.
A detailed description of each child's clinical course is included in Supplementary Table S1-2 (online).
DISCUSSION
To our knowledge, this is the first nationwide study reporting data on children with galactosemia with extreme neonatal hyperbilirubinemia. Our key findings were that 21 children had galactosemia, and of these, 8 developed extreme neonatal hyperbilirubinemia or symptoms of intermediate/advanced ABE. During the initial course of galactosemia, extreme neonatal hyperbilirubinemia was predominantly of unconjugated type, later changing to conjugated type. At follow-up, one child had KSD.
We found an incidence of galactosemia of 1:48,000 in Denmark during the 16-year study period. A previous study from Denmark reported an incidence of 1:85,000, which, however, only included one child in a 2-year period (2002) (2003) (2004) . 8 The incidences of galactosemia in Ireland, Greece, Spain, South-West Germany, and Sweden are 1:16,000, 1:22,000, 1:43,000 1:78,000, 1:110,000, respectively. [9] [10] [11] [12] [13] The varying incidences may be attributed to population differences and the sensitivity of the methods used to detect GALT deficiency.
Galactosemia is not listed among causes of extreme neonatal hyperbilirubinemia. 14, 15 Thus it is surprising that 39% of all clinically presenting children with galactosemia in Denmark developed extreme neonatal hyperbilirubinemia accounting for 1.7% of all cases of extreme neonatal hyperbilirubinemia in Denmark. From a worldwide perspective, only 13 children with galactosemia and extreme neonatal hyperbilirubinemia have previously been reported. 5, 7, [16] [17] [18] [19] [20] [21] [22] [23] [24] Thus, together with our findings of the 7 children with galactosemia and extreme neonatal hyperbilirubinemia, a total of 20 children have currently been reported. In studies from Australia, Canada, the Netherlands, the UK and Ireland, and Switzerland regarding extreme neonatal hyperbilirubinemia, no cases associated with galactosemia were reported among a total of 555 children. [25] [26] [27] [28] [29] Interestingly, an overrepresentation of children from Denmark has been observed. This may be attributable to the general understanding that galactosemia mainly causes hyperbilirubinemia of the conjugated type. Possibly, this leads investigators to exclude children with galactosemia from extreme neonatal hyperbilirubinemia surveys. 14, 15 Further, various definitions of extreme neonatal hyperbilirubinemia may be a contributing factor, as only children with a CSB/TSB ratio <0.20 were included in the study from the Netherlands. 25 We observed that early in the neonatal period (i.e., <10 days from birth) extreme neonatal hyperbilirubinemia was predominantly of the unconjugated type. This is surprising as previous evidence suggests that hyperbilirubinemia associated with galactosemia is mainly of the conjugated type. 14, 15 Possibly, the predominance of unconjugated serum bilirubin observed in our study may be caused by hemolysis due to galactose-1-phosphate accumulation in erythrocytes, added to the low activity of uridine 5′-diphospho-glucuronosyltransferase in the liver, and increased enterohepatic recirculation of bilirubin due to reduced food ingestion. 4, 14, 30 In our study, the hemoglobin levels were normal at admission and the considerable weight loss, partly caused by dehydration, cannot explain the lack of low hemoglobin concentrations. In addition, low levels of hemoglobin are only seen at severe hemolysis.
We used a rather high CSB/TSB ratio to define extreme neonatal hyperbilirubinemia in our study, as measurement of fractionated TSB often overestimates CSB. 7 CSB/TSB ratios were often not available until a few days after TSB max level potentially meaning that actual CSB/TSB ratios were even lower than those reported. This was the case in the ABE symptomatic child, who did not have extreme neonatal hyperbilirubinemia, where the CSB/TSB ratio was high but not measured until 2 days after TSB max level. However, giving the highly characteristic symptoms, we concluded that the child probably had intermediate/advanced ABE. In line with this, cases of intermediate/advanced ABE have been reported in children with TSB max levels in the range 340-425 µmol/L. 18, 31 We found no other competing conditions potentially leading to increased bilirubin toxicity, increased blood-brain barrier permeability, or explaining the symptoms. As previously stated, galactosemia runs a fatal course in most children if galactose-free diet is not initiated rapidly. However, in the child without extreme neonatal hyperbilirubinemia, galactose-free diet was not initiated until day 67. Here it is possible that galactosemia did not run a fatal course, because the child most of the time received intravenous fluid treatment. This may further explain the diagnostic delay of galactosemia.
Among the 13 children with galactosemia and extreme neonatal hyperbilirubinemia in previously published case reports and studies, six developed intermediate/advanced ABE. 5, 7, 16, 18, 19, 24 Clearly, it is crucial that clinicians are aware of galactosemia as a possible etiology in children with extreme neonatal hyperbilirubinemia to prevent development of ABE. As such, galactosemia should potentially be part of the diagnostic work up of unconjugated hyperbilirubinemia. This is especially relevant considering the prompt response to initiation of a galactose-free diet with rapid reduction of hemolysis and liver involvement and consequently hyperbilirubinemia. 17 Accordingly, we advise clinicians to initiate galactose-free diet at suspicion of galactosemia. In our study, children received intensive phototherapy immediately following admission, and as observed by others, this resulted in a drastic decline in TSB max . 32 Therefore, no children received exchange transfusion.
Concurrent with our findings, intermediate/advanced phases of ABE can be reversible, thus not necessarily leading to long-term sequelae. 16 In our study, only one of the five children with symptoms of intermediate/advanced ABE had signs of KSD. Among the 13 published cases of extreme neonatal hyperbilirubinemia associated with galactosemia, three cases of KSD have been described, 5, 18, 19 only one of whom had MRI findings consistent with the condition. 5 Consequently, we would like to stress that galactosemia can lead to extreme neonatal hyperbilirubinemia of such impact that KSD may develop.
The strength of our study was the use of nationwide cohorts, whereas the small number of patients with galactosemia caused by the relative rarity of the disease is a limitation.
CONCLUSIONS
Galactosemia may be a cause of extreme neonatal hyperbilirubinemia, ABE, and KSD. Consequently, aggressive phototherapy should be considered even in children with putative galactosemia experiencing borderline hyperbilirubinemia. Galactosemia should potentially be part of the diagnostic work up in children with unconjugated hyperbilirubinemia and included in guidelines as Extreme neonatal hyperbilirubinemia, acute bilirubin encephalopathy... LF Bech et al.
